Psychosocial stress contributes to placental oxidative stress. Mitochondria are vulnerable to oxidative stress, which can lead to changes in mitochondrial DNA copy number (mtDNAcn). We examined associations of maternal lifetime stress, current negative life events, and depressive and posttraumatic-stress-disorder symptom scores with placental mtDNAcn in a racially/ethnically diverse sample (n = 147) from the Programming of Intergenerational Stress Mechanisms (PRISM) study (Massachusetts, March 2011 to August 2012. In linear regression analyses adjusted for maternal age, race/ethnicity, education, prenatal fine particulate matter exposure, prenatal smoking exposure, and the sex of the child, all measures of stress were associated with decreased placental mtDNAcn (all P values < 0.05). Weighted-quantile-sum (WQS) regression showed that higher lifetime stress and depressive symptoms accounted for most of the effect on mtDNAcn (WQS weights: 0.25 and 0.39, respectively). However, among white individuals, increased lifetime stress and posttraumatic stress disorder symptoms explained the majority of the effect (WQS weights: 0.20 and 0.62, respectively) while among nonwhite individuals, lifetime stress and depressive symptoms accounted for most of the effect (WQS weights: 0.27 and 0.55, respectively). These analyses are first to link increased maternal psychosocial stress with reduced placental mtDNAcn and add to literature documenting racial/ethnic differences in the psychological sequelae of chronic stress that may contribute to maternal-fetal health.
Initially submitted July 13, 2016 ; accepted for publication January 26, 2017 .
Psychosocial stress contributes to placental oxidative stress. Mitochondria are vulnerable to oxidative stress, which can lead to changes in mitochondrial DNA copy number (mtDNAcn). We examined associations of maternal lifetime stress, current negative life events, and depressive and posttraumatic-stress-disorder symptom scores with placental mtDNAcn in a racially/ethnically diverse sample (n = 147) from the Programming of Intergenerational Stress Mechanisms (PRISM) study (Massachusetts, March 2011 to August 2012). In linear regression analyses adjusted for maternal age, race/ethnicity, education, prenatal fine particulate matter exposure, prenatal smoking exposure, and the sex of the child, all measures of stress were associated with decreased placental mtDNAcn (all P values < 0.05). Weighted-quantile-sum (WQS) regression showed that higher lifetime stress and depressive symptoms accounted for most of the effect on mtDNAcn (WQS weights: 0.25 and 0.39, respectively). However, among white individuals, increased lifetime stress and posttraumatic stress disorder symptoms explained the majority of the effect (WQS weights: 0.20 and 0.62, respectively) while among nonwhite individuals, lifetime stress and depressive symptoms accounted for most of the effect (WQS weights: 0.27 and 0.55, respectively). These analyses are first to link increased maternal psychosocial stress with reduced placental mtDNAcn and add to literature documenting racial/ethnic differences in the psychological sequelae of chronic stress that may contribute to maternal-fetal health.
biomarkers; maternal stress; mitochondrial abundance; mitochondrial function; oxidative stress; placenta; pregnancy; PRISM cohort Abbreviations: EPDS, Edinburgh Postnatal Depression Scale; HPA, hypothalamic-pituitary-adrenal; LSCR, Life Stressor ChecklistRevised; mtDNA, mitochondrial DNA; mtDNAcn, mitochondrial DNA copy number; PRISM, Programming of Intergenerational Stress Mechanisms; PM 2.5 , fine particulate matter; PTSD, posttraumatic stress disorder; SE, standard error; WQS, weighted quantile sum.
A large body of literature links maternal prenatal stress and psychological functioning (e.g., depression, posttraumatic stress disorder (PTSD)) with adverse perinatal and child outcomes (1) (2) (3) (4) (5) (6) . Mechanistic research has concentrated on stresselicited changes in stress-response systems, with particular focus on the hypothalamic-pituitary-adrenal (HPA) axis in pregnancy (7) . This area of research has produced mixed results, and thus there is a need to explore broad mechanisms (8) . Oxidative stress is recognized as a common pathway in environmental programming (9) as well as a key pathway in the stress-health paradigm (10) . Psychological stress has been linked to biomarkers of oxidative stress and oxidative damage over the life course (11) .
The placenta constitutes a significant regulator of maternalfetal signaling throughout pregnancy (12) . Perturbations in the maternal environment can alter placental function and signaling, affecting fetal development (13) . Environmentally responsive mechanisms operating in the placenta may provide markers of early risk and insight into programming mechanisms. Moreover, optimal placental oxidant balance is critical for normal development (14) .
Placental mitochondrial DNA (mtDNA) copy number (mtDNAcn) has been shown to respond to environmental exposures that induce oxidative stress (9) . Mitochondria are especially susceptible to increases in systemic oxidative stress (15) and play a central role in placental responses to environmental oxidative stress (16) . Because mtDNA lacks protective histones and has diminished DNA repair capacity, it is prone to oxidative damage (9) . Human mitochondria contain multiple copies of maternally inherited, double-stranded, circular mtDNA, which is important for energy production. To maintain optimal physiological functions, mtDNAcn is kept within a relatively stable range, but increased energy demands (e.g., due to oxidative stress) may result in changes in mtDNAcn (9) . Pro-oxidant exposures, including prenatal tobacco smoke (17) and ambient pollutants (18) have been associated with decreases in placental mtDNAcn. Similar to these chemical exposures, psychological stress has been shown to generate reactive oxygen species and, ultimately, DNA/RNA oxidative damage (19, 20) . Further, our group and others have found that, compared with white individuals, ethnic minorities differ in their physiological responses to chronic stress (21) (22) (23) , with minorities exhibiting elevated oxidative stress and inflammation in response to environmental stimuli (24, 25) . Moreover, mitochondrial function may differ by race/ethnicity (26) .
Using the Programming of Intergenerational Stress Mechanisms (PRISM) study, we leveraged a racially/ethnically diverse sample of pregnant women to examine associations among maternal stress, psychological functioning, and placental mitochondrial function as measured by mtDNAcn. We hypothesized that increased maternal stress or psychological dysfunction would be associated with placental mtDNAcn and that associations would be more robust among minorities.
METHODS

Study population
Participants were from the PRISM study, a prospective pregnancy cohort originally funded to recruit n = 275 women (26.9 (standard deviation, 8.1) weeks gestation) between March 2011 and August 2012 from prenatal clinics at the Beth Israel Deaconess Medical Center and the East Boston Neighborhood Health Center in Boston, Massachusetts. Eligibility criteria included: 1) English-or Spanish-speaking; 2) at least 18 years of age at enrollment; and 3) carrying singleton pregnancies. Mothers who endorsed drinking ≥7 alcoholic drinks/week prior to pregnancy or any alcohol following pregnancy recognition were excluded given prior association with child health problems (27, 28) . Procedures were approved by the relevant institutions' human studies committees; written consent was obtained in the participant's primary language.
Placenta processing
Supplementary funding allowed for the collection of placental samples from those PRISM participants delivering at the Beth Israel Deaconess Medical Center, which had established infrastructure for birth sample collections. PRISM participants with placental samples did not differ significantly from those without based on maternal age or the sex of the child; however, they were more likely to be white and to have graduated high school (P < 0.05). Placental samples (approximately 1-2 cm , placed into 1 mL of RNAlater RNA Stabilization Reagent (Qiagen NV, Venlo, the Netherlands) and stored at −4°C for ≤24 hours; excess RNAlater was then removed, and samples were stored at −80°C until DNA extraction.
Placental DNA extraction was conducted using the Maxwell 16 automated DNA extraction system (Promega Corporation, Madison, Wisconsin). Relative mtDNAcn was measured using quantitative real-time polymerase chain reaction (29) to determine the ratio of a mitochondrial gene (mt 12S) to a nuclear gene (RNAse P). Samples were run in triplicate and averaged; the coefficient of variation was 6%, and the interplate variation was 3%.
Maternal stress and psychological functioning
Maternal prenatal stress is a complex phenomenon encompassing the environmental stressors that women experience as well as their psychological responses, which can, in turn, influence fetal development (8) . Thus, the stress battery administered within 2 weeks of enrollment includes lifetime as well as current negative life events and psychological functioning in pregnancy.
Lifetime stress. The 30-item Life Stressor ChecklistRevised (LSCR), with established test-retest reliability and validity in diverse populations (30, 31) , was used to ascertain lifetime exposure to traumatic and nontraumatic events. The LSCR includes experiences relevant to women (e.g., interpersonal violence) and questions reflecting the participant's appraisal of the severity of the negative impact (ranging from 1 (not at all) to 5 (extremely)) that each endorsed event had during the prior 12 months. A weighted score of endorsed events that considered the negative impact of each was computed, with a range in our sample from 0 to 96.
Prenatal negative life events. The Crisis in Family Systems-Revised survey assessed negative life events occurring over the previous 6 months. The Crisis in Family SystemsRevised survey has good test/retest reliability, is suitable for lower-income populations, and is validated in English and Spanish (32, 33) . The survey encompasses 11 domains (e.g., financial, legal, career, relationships, safety, housing, discrimination), with multiple items in each domain. Women endorsed items as being positive, negative, or neutral. The number of domains with 1 or more negative events was summed to create a domain score for negative life events; range in this sample was 0-9.
Edinburgh Postnatal Depression Scale. Prenatal depressive symptoms during the previous week were ascertained using the 10-item Edinburgh Postnatal Depression Scale (EPDS), which has been validated against diagnostic clinical interviews (34). EPDS scores ranged from 0 to 25 in our sample.
Posttraumatic Stress Disorder. PTSD symptomatology was assessed using the 17-item Posttraumatic Stress Disorder Checklist-Civilian Version (PCL-C) (35) , which has demonstrated good test-retest reliability and convergent validity with other PTSD scales and clinical diagnostic interviews (36) . Participants indicated how much they were bothered by each symptom over the previous month; responses ranging from 1 (not all) to 5 (extremely) were summed, with scores ranging from 17 to 85.
Covariates
Maternal age (in years), race (white, nonwhite (black, Hispanic, other/multiracial)), and educational level (less than a high school diploma, some college or college degree) were ascertained at enrollment; the sex of the child was reported postnatally. Based on previous studies showing variable physiological response to stress in both Hispanic and black individuals compared with white individuals (22), we a priori categorized race/ ethnicity as white or nonwhite. Further, both ambient air pollution exposure (18) and prenatal tobacco smoke (37) can affect mtDNAcn and may also covary with psychosocial stress. Women were classified as prenatal smokers if they reported smoking at enrollment or during the third trimester. Daily fine-particulatematter (PM 2.5 ) levels were estimated using a validated exposure model assessing temporally and spatially resolved PM 2.5 exposures during pregnancy (38) .
Data analysis
Descriptive statistics were examined for the overall sample and by race/ethnicity; differences in stressors and mtDNAcn were examined using Kruskal-Wallis analysis of variance. Pearson correlations among stress measures were assessed.
Linear regression was used to assess the relationship separately between each stress measure and mtDNAcn. Models adjusted for maternal characteristics, including education, age, race/ethnicity, maternal smoking, and prenatal PM 2.5 exposure. We also adjusted for the sex of the child, because research suggests sexual dimorphism of the placental response (39) . A quadratic term was included to test for curvilinear relationships. Effect modification by maternal race/ethnicity, education, and the sex of the child was tested by including cross-product terms in each model.
In order to identify the component(s) of the "stress mixture" that showed the most robust association with placental mtDNAcn, weighted quantile sum (WQS) regression was used to develop a weighted prenatal stress index in predicting placental mtDNAcn using sums of empirically weighted percentiles (40) . Estimated weights allow for the identification of the key components and "zero out" stress components with negligible association to mtDNAcn. While this method has been used to model chemical mixtures (e.g., polychlorinated biphenyls, polycyclic aromatic hydrocarbons, pesticides) (41, 42) , to our knowledge, this is the first time it has been implemented to characterize cumulative stress exposures.
Because all standardized measures assessed stress in the same direction-with higher scores indicating greater stresswe created a composite index of prenatal stress including all 4 stress measures. The index was constructed by creating a common percentile scale for each separate stress measure. 
is a prespecified "signal function" of the estimated slope parameter associated with WQS from the bth bootstrap sample across 100 samples (i.e., a measure of the signal strength). The significance of WQS is determined using the model
, where WQS is given in equation 2. When the estimate of β 1 is positive and significant, the weighted sum is associated with an increase in the mean response; when the estimate of β 1 is negative and significant, the weighted sum is associated with a decrease in the mean. A quadratic form of the model is (μ) = β + β
, and the 2-degrees-of-freedom (df) test, used to assess curvilinear relationships, is based on the null hypothesis that β = β = 0 1 2 . Local polynomial regression (LOESS) plots were used to visualize nonlinear relationships between the weighted stress index and mtDNAcn. The β values generated from linear regression and WQS models represent the change in mtDNAcn for a 10% increase on the stress index. Effect modification by race/ethnicity, maternal education, and the sex of the child were tested by including crossproduct terms in the model. If an interaction had a P value < 0.20, additional modeling was conducted to allow for different weights for each stress component to be determined. A sensitivity analysis was performed comparing white and black individuals, because the latter was the single minority subgroup large enough to allow meaningful comparisons (see Web Appendix 1, available at https://academic.oup.com/aje). All analyses were conducted using SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina).
RESULTS
There were significant differences in the number of negative life events (P < 0.0001), lifetime stressors (P < 0.0001), depressive symptoms (P = 0.006), and PTSD symptoms (P < 0.0001) by race/ethnicity, with a larger number of stressors and higher psychological symptom scores among nonwhite individuals (Table 1) . Nonwhite individuals were also more likely to have no more than a high school diploma compared with white individuals (P = 0.0001). Placental mtDNAcn was lower among nonwhite compared with white individuals (P < 0.0001). Table 2 details moderate correlations between components of the weighted stress index in the overall sample and stratified by race/ethnicity.
Individual maternal stress measures and mtDNAcn
All stress measures were negatively associated with mtDNAcn (negative life events: β = −0.14 (standard error (SE), 0.04), P = 0.0001; LSCR-weighted: β = −0.02 (SE, 0.005), P ≤ 0.0001; EPDS: β = −0.06 (SE, 0.01), P < 0.0001; PTSD: β = −0.02 (SE, 0.006), P = 0.0008) (Figure 1) . The quadratic terms included in the EPDS (β = −0.004; P EPDS×EPDS = 0.01) and PTSD (β = 0.001; P PTSD×PTSD = 0.0005) models were significant. Effect modification by maternal education or the sex of the child was not observed (all P values > 0.20); there was a marginal effect observed for the cross-product term between EPDS symptoms and maternal race/ethnicity (P EPDS×race/ethnicity = 0.07). Stratified analyses revealed that EPDS symptoms were more strongly related to mtDNAcn among nonwhite participants (β = −0.06 (SE, 0.01), P < 0.0001) compared with white participants (β = −0.02 (SE, 0.01), P = 0.12) and that the significance of the quadratic terms for EPDS was stronger for white individuals and that for PTSD was stronger for nonwhite individuals.
Weighted prenatal stress index and mtDNAcn
Increases in the weighted prenatal stress index were significantly associated with decreases in placental mtDNAcn (β = −0.13 (SE, 0.003), P = 0.0002) in the overall sample. There was a nonlinear association between mtDNAcn and the weighted prenatal stress index, suggesting a threshold effect (i.e., associations seen above the 65th percentile (2-df P ≤ 0.001)) (Figure 2A ). The nonlinear relationship was particularly evident among white individuals (2-df P ≤ 0.001) ( Figure 2B ).
Cumulative lifetime stress (LSCR-weighted) and prenatal depression symptoms (EPDS) accounted for 64% of the weight in the overall sample (Table 3) . There was an indication that the association between the weighted prenatal stress index and mtDNAcn differed by maternal race/ethnicity (P race/ethnicity×stress = 0.10) but not educational level (P education×stress = 0.31), age (P age×stress = 0.27), or the sex of the child (P sex×stress = 0.50). In the model allowing for race/ethnicity-specific weights, the weighted prenatal stress index was still negatively associated with mtDNAcn (β = −0.38, P < 0.001); however, nonwhite participants received the majority of the weights (55%) associated with decreased mtDNAcn. We also observed that the weight distributions conditional on race/ethnicity (i.e., sum to 100% within race) varied. Cumulative lifetime stress was a strong predictor of mtDNAcn for both white and nonwhite individuals (conditional weights 20% and 27%, respectively). However, among white individuals, 62% of the weight was on PTSD symptoms, whereas EPDS symptoms carried the majority of the weight for nonwhite individuals (55%).
Results of the sensitivity analysis comparing white and black individuals were not substantively different (Web Figure 1 , Web Table 1 ).
DISCUSSION
To our knowledge, these data are first to demonstrate an association between increased prenatal stress and lower placental mtDNAcn, adjusting for a number of important confounders including sociodemographic factors, PM 2.5 exposure, and maternal smoking during pregnancy. We implemented a novel approach to characterize stress exposure, accounting for a "mixture" of maternal lifetime stressors, current/prenatal negative life events, and measures of current psychological functioning, including prenatal PTSD and depressive symptoms. In addition to providing a way to combine multiple stress indicators, this method allows insight into which component(s) contribute most significantly to reduced placental mtDNAcn. Further, the impact of cumulative lifetime exposure to traumatic/nontraumatic stressors and maternal psychological dysfunction were most robustly associated with reduced mtDNAcn. However, the specific psychological symptom component most highly related to placental mtDNAcn differed by race/ethnicity. Thus, these analyses add to a growing literature documenting racial/ethnic differences in the psychological sequelae of chronic stress exposures that may influence intergenerational effects (43) .
Exposure to stress has been demonstrated to generate reactive oxygen species and mtDNA oxidation (44), alter mitochondrialrelated gene expression (45) , and lead to DNA/RNA oxidative damage (19, 20) , in part through sustained HPA activation (46) . Glucocorticoid exposure in pregnancy can enhance placental oxidative stress (47) , and we have shown that increased exposure to lifetime stress, independent of PTSD and depressive symptoms, is associated with higher cortisol production over pregnancy, particularly in black women (22) . Cross-talk between the HPA axis, oxidative stress, and mitochondrial homeostasis has also been demonstrated (19, 48) . Further, numerous animal studies support a role for mitochondrial function in regulating the stress response. Chronic stress in rats has been linked to the overproduction of nitric oxide and consequent mitochondrial dysfunction (49) . In mice and zebrafish, mtDNA variations have been shown to influence the behavioral and hormonal response to stress (50, 51) . The current findings suggest reduced placental mtDNAcn, a possible marker of oxidative stress, may be an important mechanism through which cumulative lifetime stress and stress correlates can have an impact on the next generation.
The experience of and psychological response to stress is multifactorial and covers many correlated, yet distinct, domains that are typically considered individually in analyses. However, there may be significant advantages to considering these factors as integrated constructs. Moreover, due to high correlation, it is important to adjust for costressor collinearity in order to identify which components within the "stress mixture" are most pertinent to outcomes. We implemented WQS regression, a variable selection technique that has been used successfully for studying the health effects of chemical mixtures (41) . This method has been shown to reduce variance inflation, with fewer limitations in variable selection than shrinkage methods (41) . We propose that this method reduces the multiple comparisons inherent in testing multiple domains in separate regressions by integrating information on multiple stressors, and it serves as an integrated index of overall stress. In addition, the weights allow investigators to gauge the relative contribution of each component of the stress index.
In the WQS analysis, we found that maternal lifetime stress was a better predictor of reduced placental mtDNAcn than the measure of prenatal negative life events. Previous studies have shown that maternal lifetime stress exposure, independent of PTSD and depression, can disrupt maternal physiological systems (22, 52) , ultimately affecting the programming of key fetal regulatory systems (53, 54) . Exposure to traumatic events may be particularly important given their increased likelihood of inducing long-term changes in psychobiological systems, persisting even years after the exposure (22, 52, 53, 55) . Intergenerational transmission of psychophysiological vulnerability in traumatized populations has also been demonstrated (8, 54) . Thus, a life-course perspective should be implemented when examining associations between maternal stress and maternalfetal health rather than focusing solely on stress experienced proximally to the pregnancy.
Although psychological symptoms explained the greatest proportion of the association between the stress index and mtDNAcn, PTSD symptoms explained a greater proportion for white individuals and depressive symptoms accounted for the majority of the weight among nonwhite individuals. This relationship could partially be explained by the fact that EPDS and PTSD appeared to have a nonlinear relationship with mtDNAcn among white and nonwhite participants, respectively. However, there could also be other factors contributing to this observation. For instance, ethnic minorities experience a greater number of adverse events across their life course, experience specific stressors (e.g., institutional racism), and may be more likely to have suboptimal resources to buffer stress effects (e.g., adaptive coping strategies, social support), which in turn can lead to a greater likelihood of depression as well as comorbidity of PTSD and depression (43, (56) (57) (58) . In our sample, the correlation between PTSD and depressive symptoms was higher among nonwhite individuals than among those who were white (r = 0.50, P < 0.0001 vs. r = 0.37, P < 0.0001, respectively). Moreover, the percentage of nonwhite women meeting criteria for probable comorbidity based on severity of depressive (EPDS score ≥13) and PTSD (PCL score > 44) symptomology was 6% (χ 2 = 5.28; P = 0.02) compared with 0% for white participants (χ 2 = 0.08; P = 0.78). There may also be racial/ethnic differences in how the body responds to stressors in relation to psychological morbidity. The response to stress is characterized by the activation of the HPA axis, with catecholamine and cortisol production being vital to HPA axis regulation (59) . HPA-axis dysfunction has been shown to vary by race in our study sample as well as others (22, 60) . Moreover, both cortisol and catecholamine production differs among those experiencing PTSD, depression, and comorbidity of PTSD and depression (58, 61) .
This study has a number of strengths, including the ethnically mixed sample, extensive assessment of maternal stress, implementation of WQS regression (to more comprehensively characterize "stress mixtures" parallel to how environmental health researchers consider chemical mixtures), and the use of a unique biomarker of placental functioning vulnerable to prooxidant environmental exposures. The placenta has a high reliance on mitochondrial function; thus, dysfunction could more readily result in cell death as a result of increased reactive oxygen species production (62) . Unfortunately, the sample size prevented us from examining differences among subcategories of nonwhite participants. Elucidation of the complex race/ethnicity-specific effects of chronic stress and psychopathology will require larger samples that can allow for comparisons across racial/ethnic groups (i.e., Hispanic vs. black). Further, while we were able to control for important confounders, including PM 2.5 and tobacco smoke exposure, it may be important to consider other pro-oxidant chemical exposures (e.g., metals, chlorinated organocompounds) and concurrently examine additional biomarkers of environmentally induced oxidative stress. For example, telomere integrity/length is another regulator of cellular and tissue function that may play a role in stress-induced complications (i.e., marker of life-course stress) (63) . Moreover, recent work has revealed reciprocal pathways in modulating telomere length and mitochondrial function (e.g., telomere shortening and associated DNA damage can promote mitochondrial function) (64) . Last, prematurity and other conditions, such as chorioamnionitis, that generate a proinflammatory state may affect mtDNAcn. In our study sample, the frequency of births earlier than 37 weeks of gestation was only 7%, and neither gestational age (P value = 0.16) nor preterm delivery (P value = 0.25) were significantly associated with mtDNAcn in placenta. Unfortunately, we do not have information on chorioamnionitis.
In conclusion, we have shown that maternal stress influences placental mtDNAcn, a marker of mitochondrial dysfunction and an index of cumulative oxidative stress over pregnancy, with nonwhite participants experiencing greater reductions in placental mtDNAcn. In addition, using WQS regression, we identified cumulative maternal lifetime stress and symptoms of psychopathology to have the strongest effect on mtDNAcn. This finding may help tailor stress-related interventions targeted for pregnant women and provide insight into why maternal stress has such broad child-health impacts (65) . The P value for the formal interaction between the WQS prenatal stress index and race/ethnicity was 0.10. Analyses were adjusted for maternal age, race/ethnicity, education, prenatal fine-particulate-matter exposure, smoking during pregnancy, and the sex of the child. a Overall and race/ethnicity-specific weights were generated across 100 bootstrap samples.
b Conditional weights were calculated within each racial/ethnic group (e.g., PTSD has an overall weight of 27%, which accounts for
